Introduction
Ras protein activity has profound effects on cell division and cell fate, and mutations in the fas proto-oncogene are found frequently in human tumors (reviewed by Barbacid, 1987) . Ras protein alternates between an inactive, GDPbound form and an active, GTP-bound form, and the threedimensional structures of both forms are known (reviewed by Bourne et al., 1991) . One pathway that leads to Ras activation has been studied in some detail (reviewed by Schlessinger, 1993 (Leevers et al., 1994; Stokoe et al., 1994 (Ferguson et al., 1987; Han and Sternberg, 1990; Beitel et al., 1990) . We previously described a screen for mutations that suppress these defects (Lackneret al., 1994; Kornfeldet al., 1995) . Mutations in the mek-2 and mpk-1 genes were identified in this screen. Here we describe a gene identified in this screen, ksr-7.
Results

Isolation of ksr-7 Mutations
The C. (Wood et al., 1988) . We positioned ksr-7 relative to x0/-7 and dpy-6 on the basis of 4-factor mapping data (see Experimental Procedures). The lower horizontal line indicates the extent of deficiencyyDf2, which fails to complement genes positioned to the right and left of ksr-7 (L. Miller and B. Meyer, personal communication Procedures for data used to map nP76, nP75, and nP81). dpy-6 has not been positioned precisely on the physical map. Lower horizontal lines represent selected cosmids from the physical map (Coulson et al., 1988 We placed each egg on a separate petri dish and observed development.
For the ksr-1 single mutants, eggs were derived from homozygous hermaphrodites; percent dead larvae indicates the percent of all eggs that generated dead larvae, and percent abnormal vulva indicates the percent of all adult hermaphrodites that appeared to lack a functional vulva or displayed a protruding vulva. For the experiments described in the bottom four lines, eggs were derived from heterozygous hermaphrodites, and percentages refer to animals that were judged to have the indicated genotype as described below. Most dead larvae displayed the rigid, rod-like morphology. ND, not determined. a n, number of eggs analyzed. b Self-progeny eggs from mpk-7(oz74O)/unc-79 dpy-7 7 hermaphrodites were analyzed. Approximately 25% should have the genotype mpk-l(oz740); 51 of 200 eggs generated sterile adults, the homozygous mpk-l(ozl40) phenotype (Church et al., 1995) , and 1 of 200 eggs generated a dead larva. c Self-progeny eggs from mpk-l(oz740)hno79 dpy-7C /on-2 ksr-l(n2526) hermaphrodites were analyzed. Of 98 eggs, one generated a sterile adult, and 34 of 98 eggs generated dead larvae. By assuming that mpk-7; /on-2 ksr-7 mutants represented 25% of the self-progeny (24 animals) and noting that one animal was a sterile adult, we concluded that 23 of 24 (96%) displayed larval lethality. Thus, among the mpk-7/+; /on-2 ksr-7 and +/+; /on-2 ksr-7 progeny, 11 of 74 (15%) displayed larval lethality. d Self-progeny eggs from /on-2/yDf2 hermaphrodites were analyzed. Of 204 eggs, one generated a dead larva, and 3 of 88 non-Lon adults displayed an abnormal vulva. yDf2/yDf2 eggs failed to hatch. B Self-progeny eggs from /on-2 ksr-l(n2526)/yDf2 hermaphrodites were analyzed. Of 203 eggs, 11 generated dead larvae, and 5 of 104 non-Lon adults displayed an abnormal vulva. By assuming that (on-2 ksr-7 mutants displayed 10% larval lethality (5 of 51), we concluded that 6 of 1 IO /on-2 ksr-l(n2526)/yDf2 animals displayed larval lethality.
development.
In otherwise wild-type animals, the let-60 ras signaling pathway involved in larval development, like that involved in vulva1 development, was impaired slightly by a ksr-7 mutation, suggesting that in both cases ksr-7 functions as a positive mediator of let-60 ras activity. In animals with a mpk-7(/f) mutation that results in a partially active Ras signaling pathway, ksr-7 function was essential for larval viability; in animals with a /et-SO(gb mutation that results in a partially active Ras signaling pathway in the cells P3.p, P4.p, and P8.p, ksr-7 function was important for these cells to adopt vulva1 fates. Thus, during both larval and vulva1 development, ksr-7 function was more important when the Ras signaling pathway was activated partially than when this pathway was activated fully.
To understand how ksr-7 functions during signal transduction, we need to know how the ksr-7 mutations affect the activity of the ksr-7 gene. Several observations suggest that these ksr-7 mutations reduce the activity of the ksr-7 gene. First, we isolated five of the six ksr-7 mutations after screening 5600 haploid genomes; this frequency of recovery is typical for reduction-of-function mutations (Wood et al., 1988) . Furthermore, the larval lethality caused by the three strongest ksr-7 mutations (n7860, n2526, and n2682) displayed a similar penetrance, whereas the other three mutations caused a lethal phenotype of lower penetrance. Thus, the ksr-7 mutations might form an allelic series, and the stronger mutations might eliminate ksr-7 activity completely. To investigate this possibility, we compared the phenotypes caused by ksr-7 (n2526) and yDf2, a relatively large deficiency of ksr-7 (Figure lA), when in trans to kwl(n2526).
Homozygous ksr-7(n2526)lksr-7(n2526) animals and yDf2/ksr-l(n2526) heterozygotes displayed similar penetrances of larval lethality and of vulva1 defects (Table 3) . Thus, in this assay n2526 behaved like a deficiency of the ksr-7 gene, consistent with the hypothesis that n2526 is a null allele. However, it is possible that the n2526 allele retains residual ksr-7 function that was not measured in this assay. ksr-7 Is Likely to Function Downstream of let-60 ras The mutant LET-60 protein encoded by the let-SO(n7046gf) allele is likely to be constitutively active. First, the n7046 mutation is a missense change in codon 13 (Beitel et al., 1990) ; some oncogenic mutations that cause constitutive activation of vertebrate Ras protein are also missense changes in codon 13 (Traheyand McCormick, 1987) . Second, the Muv phenotype caused by the n7046 mutation is dominant and is not suppressed by ablation of the signaling anchor cell or by mutations in important signaling genes likely to function upstream of let-60 fas, such as the let-23 receptor tyrosine kinase gene (Beitel et al., 1990; Clark et al., 1992b) . Since genes likely to function upstream of let-60 ras are not required for expression of this Muv phenotype, our observation that ksr-7 mutations suppressed the /et-SO(gf) Muv phenotype suggests that, if these genes act in a linear pathway, ksr-7 functions downstream of let-60 ras. Our data are also consistent with the possibility that ksr-7 and let-60 fas function in parallel signaling pathways.
To explore the relationship between ksr-7 and other genes involved in vulva1 development, we constructed double mutants containing ksr-l(n2526), a probable null allele based on both genetic (see above) and molecular (see ,below) criteria, and a loss-of-function mutation in h-75, /in-l, or M-37, each of which causes a Muv phenotype. M-75 encodes two novel proteins that negatively regulate vulva1 induction (Clark et al., 1994; Huang et al., 1994) ; h-75 seems to function outside the Pn.p cells and genetically upstream of let-23 receptor tyrosine kinase and let-60 ras (Herman and Hedgecock, 1990; Clark et al., 1992b) . Thus, /in-75 is likely to function upstream of ksr-7. ksr-7 (n2526) did not suppress the highly penetrant Muv phenotype caused by /in-75(n765) ( Table 4 ). These data suggest that the /h-75(/f) mutation, like the anchor cell signal, activates the Ras pathway so strongly that ksr-7 function is not required for vulva1 inductibn in a /h-75(/f) mutant.
h-7 encodes a protein that contains an ETS DNAbinding domain (Beitel et al., submitted) . h-37 encodes a protein that contains an HNF3/forkhead DNA-binding domain (Miller et al., 1993) . Thus, both of these genes are likely to encode transcription factors. Genetic epistasis analyses showed that both of these genes are likely to function downstream of mpk-7 MAP kinase (Lackner et al., 1994) . The loss-of-function mutations /in-l(e7275) and /in-37(n7053) cause a partially penetrant Muv phenotype Table 4 . Interactions between ksr-7 and Vulva1 Determination Genes Genotype Percent Dead Larvae"
ksr-l(n2526) 8 let-6O(n 1046gf) 2 let-6O(n 1046gf); ksr-1 (n2526) 2
We placed each egg on a separate petri dish and observed development. s Percent of eggs that generated a dead larva with the rigid, rod-like morphology. (Table  4) .
/in-37 is not required for larval viability (Miller et al., 1993) The arrow and bracket indicate radiolabeled extension products that were probably derived from ksr-7 transcripts.
The uppermost product was approximately 510 nt; the four lower products were approximately 157, 171, 175, and 188 nt. If the sequence of ksr-7 transcripts downstream of the oligonucleotide primer is as shown in Figure 2 , then the primer extension data predicts ksr-7 transcripts of approximately 2630-2660 and 2980 nt. On the basis of the RNA size markers, the upper and lower trancripts detected on the Northern blot were approximately 2300 and 2650 nt, respectively.
We think the transcript sizes predicted from the primer extension experiment are the most reliable, because that experiment had superior size markers.
et al., 1988) . However, KSR-1 residues 602-604 (R-S-K) do not match the consensus sequence for serinelthreonine-specific kinases (K-P-E) or tyrosine-specific kinases (R-A-A or A-A-R).
Similarly, KSR-1 residues 641-646 (F-W- (Nishida et al., 1988) , and human Raf-I (Bonner et al., 1986) . Stippled and black highlighting indicate residues that are identical in some or all of the proteins, respectively. Numbers refer to the right-most amino acid in each column; the initiator methionine of each protein is residue 1. The kinase domain (A) and the CR1 region (B) are shown.
Three of the ksr-7 mutations, n7860,n2522, and n2579, create missense changes in the kinase domain ( Figure  28) Wu et al., 1995; Lackner et al., 1994 
Experimental Procedures
General Methods and Strains C. elegans strains were cultured as described by Brenner (1974) and were grown at 20°C unless otherwise noted. The wild-type strain and parent of all mutant strains was N2. RC301, a separate isolate from the wild type (Ft. Cassada, personal communication), was used for studiesof RFLPs. Unlessotherwise noted, mutationsused in thisstudy are described by Wood et al. (1988) and are listed below.
LG III: rnpk-7 (0~740) (Church et al., 1995) ; uric-79fei068); dpy-77(e764).
LG IV: let-6O(n 7046gf); dpy-2O(e7282); /in-l(e7275ts).
LG V: /im37(n7053).
LG X: /on-2(e678); uric-7O(e702); xol-7(y9) (Rhind et al., 1995) ; dpy-6(e74); h75@765ts); ksr-l(n7860) (Beitel et al., 1990); ksr-l(n2509, n2579, n2522, n2526, n2682 ) (this study); yDf2 (L. Miller and B. Meyer, personal communication) .
We used standard methods to construct double mutants. double mutants contained the ksr-7 (2526) mutation by determining the DNA sequence of the appropriate region of ksr-7 of each strain.
Identification of let&?(gf) Muv Suppressors We previously described a screen for suppressors of the /et-SO(gf) Muv phenotype (Lackner et al., 1994; Kornfeld et al., 1995) . In brief, we mutagenized let-6O(n7046gf) hermaphrodites with ethyl methanesulfonate, placed 2794 Fl self-progeny on separate petri dishes, and examined the F2 self-progeny for non-Muv animals at 22.5"C. We identified 33 independently derived mutations that reduced the penetrance of the Muv phenotype from 93% to less than approximately 10%. In a related screen, previously described by Beitel et al. (1990) non-Muv Fl self-progeny of mutagenized /im8(n777); /et-dO(gf) hermaphrodites were picked to separate petri dishes at 25°C. Ten extragenic mutations identified in this screen met the criteria described above.
Complementation
Tests and Genetic Mapping We used standard genetic techniques to position the suppressor mutations on one of the six C. elegans chromosomes (Brenner, 1974) . The suppression of the let-bO(gf) Muv phenotype caused by eight mutations, including n7860, n2509, n2579, n2522, n2526, and n2682, was linked to /on-2X and unlinked to mutations in the center of the other five chromosomes (data not shown). To determine whether two such X-linked mutations, designated a and b, complemented for suppression of the /et-SO(gf) Muv phenotype, we mated let-6O(gf)/dpy-20; /on-2 a males and let-60&f); b hermaphrodites and identified cross-progeny with the genotype /et-SO(gf); /on-2 a/+ b. We scored the penetrance of the Muv phenotype at 22.5O C of non-Lon self-progeny of animals of the following heteroallelic combinations: n7860/n2509, 1% (n = 101); n7860/n2526,6%
(n = 190); n7860/n2682,9% (n = 173);n2509/ n2579,5%
(n = 110); n2509h2522, 7% (n = 129); n2509/n2526,2% (n = 102); n2579h2522, 8% (n = 173); n2579h2682, 4% (n = 315); n2522h2682, 9% (n = 324); n2526h2682, 10% (n = 349). Thus, the six mutations n7860, n2509, n2579, n2522, n2526, and n2682 each failed to complement at least three other mutations in this group. The other two X-linked mutations defined two additional complementation groups (data not shown).
We used a 4-factor cross to map n7860 more precisely. From ksr-7 (n7860)/unc-70x0/-7 dpy-6 hermaphrodites, we isolated Uric non-Dpy and Dpy non-Uric progeny. We then identified hermaphrodites homozygous for the recombinant chromosome and scored these animals for x0/-7 and the rod-like larval lethality caused by n7860. Of Uric non-Dpy recombinants, 11 of 17 were x0/-7(+) ksr-7(n7860), 5 of 17 were x0/-7(-) ksr-7(n7860), and 1 of 17 was x0/-7(-) ksr-l(+). Of Dpy non-Uric recombinants, 1 of 3 was x0/-7(-) ksr-7(+), 1 of 3 was x0/-7(+) ksr-7(+), and 1 of 3 was x0/-7(+) ksr-l(n7860). Thus, of 20 recombination events between uric-70 and dpy-6, 12 occurred between uric-70 and x07-7, six occurred between x07-7 and ksr-7, and two occurred between ksr-7 and dpy-6.
Lineage Analysis Cell lineages were determined by direct observation of living animals using Nomarski optics as described by Sulston and Horvitz (1977) . The criteria described by Sternberg and Horvitz (1986) were used to assign the lo, 2O, and 3" cell fates, which generally denote that a Pn.p cell generated eight, seven, or two descendants, respectively.
Identification and Mapping of RFLPs Unless otherwise noted, molecular biology techniques were performed as described by Sambrook et al. (1989) . We identified RFLPs by hybridizing cosmids containing C. elegans genomic DNA to Southern blots containing DNA from N2 and RC301, two independently isolated wild-type strains. We tested ten different restriction enzymes seeking enzymes that cleaved RC301 DNA and N2 DNA into fragments of different sizes as detected by given cosmids. We tested 15 cosmids positioned to the right of C34Dl0, wh,ich contains x0/-7 (Rhind et al., 1995) . Three RC301 loci that defined such RFLPs were assigned the following allele names: nP75, defined by Asel digestion and ClOG5 hybridization; nP76, Pvull digestion and C39A3 hybridization; and nP87, Hindlll digestion and CO9B2 hybridization.
To map RFLP alleles relative to ksr-7, we mated RC301 males (genotype nP76 nP75 nP87) and let-6O(gf); ksr-7(n7860) dpy-6 hermaphrodites, placed cross-progeny on separate petri dishes, and then identified animals of genotype /et-SO(gf); ksr-7 dpy-6/nP76 nP75 nP87. Next, we picked 11 Dpy non-Ksr-I recombinants; these animals were Dpy and Muv. We identified animals homozygous for the recombinant chromosome on the basis of their failure to segregate non-Muv progeny and determined their genotypes at the nP76, nP75, and nP87 loci using Southern blot analysis. These recombinant animals had the following genotypes: nP76 nP75 + (n = 6), nP76 + + (n = 2) and nP76 ? + (n = 3) (the genotype at the nP75 locus was not assayed for three animals). These data position nP76 close to or left of ksr-7, nP75 between ksr-7 and dpy-6, and nP87 close to or right of dpy-6 (Figure 1 B) .
Transformation
Rescue Germline transformation experiments were done as described by Mello et al. (1991) . We coinjected let-dO(gf); ksr-l(n7860) mutants with C. elegans genomic DNA cloned in cosmids or plasmids (l-20 nglml) and plasmid pRF4 (20 trglml), which contains the dominant mutation rol-6(su7006) (Kramer et al., 1990 et al., 1987) and using an automated ABI 373A DNA sequencer (Applied Biosystems) to determine their sequences. We determined the sequence of approximately 300 bp of DNA from the 5' and 3' ends of the other three cDNAs: the EM11 cDNA extended from nucleotide 51 to 2626 (numbers based on Figure 2 ) and included about 38 A residues at the 3' end: the OE7 cDNA extended from nucleotide 423 to 2585; and the OM14 cDNA extended from nucleotide 950 to 2627 and included about 16 A residues at the 3' end. We used ten pairs of oligonucleotide primers and PCR amplification to analyze the internal regions of the four cDNAs; each pair of primers generated the same size fragment using DNA from each cDNA, suggesting that all four cDNAs were colinear.
To determine the sequence of genomic DNA in the ksr-7 region, we used oligonucleotide primers positioned in the ksr-7 exons and genomic DNA derived from pDBH3 to determine the sequences of introns near theexonlintron boundaries. Afterwe completed this analysis, the C. elegans genome consortium determined the complete sequence of cosmid R09F10, which contains ksr-7 (L. Hillier and R. Wilson, personal communication).
Our DNAsequence data were identical to the results of the genome consortium.
Determination
of the Sequences of ksr-7 Alleles We used the following pairs of forward (f) and reverse (r) oligonucleotide primers, with 5' positions as indicated, to amplify by PCR the coding region and exon-proximal regions of the introns using DNA from each of the six ksr-7 mutants: ksr-7f (exon 1, base pair 33) and k.w27r(61 bp downstream of exon 2); ksr-22f(54 bp upstream of exon 3) and ksr-23r (48 bp downstream of exon 3); ksr-3% (55 bp upstream of exon 4) and ksr-36r (65 bp downstream of exon 4); ksr-24f (61 bp upstream of exon 5) and ksr-25r (61 bp downstream of exon 5); ksr-26f (53 bp upstream of exon 6) and ksr-27r (52 bp downstream of exon 9); ksr-37f (68 bp upstream of exon IO) and ksr-2Or (exon 14, base pair 2614). We purified the amplified DNA fragments using 8-agarase and determined the complete nucleotide sequences of both strands.
Analyses of ksr-1 RNA We prepared poly(A)+ RNA from a mixed-stage population of the wildtype strain N2 using the FASTTRACK system (Invitrogen). We fractionated 20 pg of RNA on a glyoxal gel, transferred the RNA to Nytran using electrophoresis, and probed the filterwith the radiolabeled BMl 1 cDNA. To analyze the splicing pattern of ksr-7 transcripts, we used 13 pairs of oligonucleotide primers and the GeneAmp system of reverse transcriptase-PCR
(Perkin Elmer) to analyze the RNA. To analyze the 5'end of ksr-7 transcripts, we used primer extension (Ausubel et al., 1991) Ferguson, E.L., and Horvitz, H.R. (1985) . Identification and characterization of 22 genes that affect the vulva1 cell lineages of the nematode Caenorhabdifis elegans. Genetics 7 70, 17-72.
Ferguson, E.L., Sternberg, P.W., and Horvitz, H.R. (1987) . A genetic pathway for the specification of the vulva1 cell lineages of Caenorhab-ditis elegans. Nature 326, 259-267.
